Objective: Patients with BRAF-mutant colorectal cancer (CRC) have a poor prognosis. Molecular status is not currently used to select which drug to use in combination with radiotherapy. Our aim was to identify drugs that radiosensitise CRC cells with known BRAF status.
Introduction
Colorectal cancer (CRC) is one of the most common forms of cancer, accounting for approximately 1 in 10 new cancer diagnoses worldwide in 2012 1 . Radiotherapy is commonly used to treat rectal cancers prior to surgery or to treat inoperable colorectal metastases, in the form of stereotactic body radiotherapy or selective internal radiotherapy [2] [3] [4] .
International standard combination therapy for rectal cancer, radiotherapy delivered with 5-fluorouracil (5FU) as a radiosensitiser, is given either as an infusion or as an oral prodrug (capecitabine). There is currently no molecular basis for the selection of patients for radiotherapy, nor for the selection of any alternative drug to use as a radiosensitiser. With the current standard, sufficient downsizing by chemoradiotherapy is obtained by approximately half of patients treated 5 . There is scope for improving the radiotherapy approaches currently offered to patients. Clinical trials have added additional drugs to 5FU as a combination radiosensitising approach 6, 7 without molecular selection, but these trials have not changed the international standard.
Colorectal tumours have a heterogeneous molecular background 8 . Commonly occurring CRC mutations that may be prognostic or can affect treatment decisions include KRAS, BRAF and PIK3CA mutations, which are found in 42%, 9% and 13% of CRC patients respectively 9 . KRAS, BRAF and PIK3CA are vital components of two main cellular signalling pathways; RAS/MEK/ERK and PI3K/AKT/mTOR; strongly inter-connected pathways that play central roles in tumorigenesis by regulating cell survival, proliferation, metabolism, and motility. The KRAS gene is a member of the oncogenic RAS gene family and binds to effector kinases including BRAF and phosphatidylinositol 3-kinase (PI3K). The PIK3CA gene encodes the PI3K p110α subunit, which interacts with RAS proteins 10 .
The commonest BRAF mutation in colorectal cancer, the V600E substitution, results in elevated kinase activity and constitutive downstream MEK and ERK phosphorylation 11, 12 . The presence of BRAF V600E in advanced CRC correlates with poor prognosis with markedly worse progression after chemotherapy [13] [14] [15] . BRAF mutation is predictive of poor response to cetuximab in metastatic CRC, also observed for KRAS and PIK3CA mutations [16] [17] [18] . Although patients with BRAF-mutant cancers do less well with chemotherapy, anti-EGFR therapies and surgery 19 , there is currently no suggestion that they benefit less from radiotherapy. Although BRAF mutation is relatively rare in rectal cancer, radiotherapy can also be used to treat inoperable liver metastases from CRC. It has been suggested that CRC liver metastases respond less well to radiotherapy than liver metastases from other primary malignancies 20 , hence the addition of a radiosensitising drug may be of value to improve the therapeutic index during radiotherapy 21 .
Our aim was to develop a radiosensitiser drug discovery assay enabling identification of drugs that will enhance radiotherapy more effectively than the current standard, 5FU, and demonstrate activity in defined molecular backgrounds. Firstly, we developed a high throughput screen (HTS), in CRC cell lines, to identify drugs that could be effective radiosensitisers in the context of BRAF V600E activating mutations. The drugs identified during the screen were validated across an extensive panel of human CRC cell lines, selected to represent aspects of the molecular landscape of CRC; including BRAF V600E in both MSI and MSS backgrounds, and a spectrum of KRAS, PIK3CA and p53 mutations. Such cell line panels recapitulate the different subtypes found in CRC, are representative of genetic alterations found in primary cancers and are good predictors of clinical efficacy during drug development programmes 22 . Here, we use this model to test new drug-radiotherapy combinations for the first time, identifying PARP inhibitors as the most strongly radiosensitising class of agent before validating by clonogenic survival assays and in vivo xenograft studies.
Materials and methods

Cell lines, drug library and irradiations
The parental CRC cell lines RKO (BRAF V600E/V600E/WT) and VACO432 (V600E/WT) and their isogenic pairs RKO-T29 (BRAF WT/-/-) and VACO432-VT1 (BRAF WT/-) were a gift from Sandra Van Schaeybroeck, Queens University, Belfast, UK (mutation status confirmed by sequencing). The panel of colorectal cancer cell lines utilised for cell proliferation assays was obtained from Prof. Walter Bodmer, University of Oxford, UK. The cell line panel is listed in Supplementary Table S1 , and has been previously described 22 . Non-malignant cell lines were obtained from Prof. Gillies McKenna, University of Oxford, UK. All cell lines were used within 12 passages, or where necessary, replenished using frozen aliquots of the initial passage. Isogenic cell lines were grown in McCoy's 5A (Modified) Medium, and other cell lines in DMEM; both supplemented with 10% Fetal Bovine Serum and 1 × penicillin/streptomycin (Thermofisher Scientific Inc., MA, USA), in a 37°C, 5% CO 2 , humidified incubator. The small compound anti-cancer drug library was provided in 384-well plate format (Target Discovery Institute, University of Oxford), and contained 222 drugs from the TDI Extended Oncology Drugs Library (ODL) and 76 from the NCI Developmental Therapeutics Program (DTP) Approved Oncology Drug set (Supplementary Table S2) .
A GSR D1 irradiator (Gamma-Service Medical GmbH, Leipzig, Germany) a Cs-137 source, (dose rate 1.5 Gy/min) was used for cell irradiations. For xenografts, a RS320 X-ray irradiator (Gulmay Limited, Byfleet, UK) was used (1.6 Gy/min), with lead shielding to localise dose to tumor. Dosimetry was calculated from optical density of scanned Gafchromic EBT3 film (Ashland, NJ, USA), corrected and calibrated to the National Physical Laboratory (Teddington, UK) primary standard. density in 384-well plates was 300 cells/well (RKO) and 1,000 cells/well (VACO432). Eighteen hours after seeding, cells were screened with 298 oncological drugs, in 5-fold dilutions from 10 μM-16 nM. Janus workstations (PerkinElmer, MA, USA) were used to transfer 13 μL of compound from library plate to cell culture plates. Positive controls were PI103 and vorinostat, negative controls were vehicle (DMSO) alone. After 6 h, plates were either mock-irradiated, or irradiated with 4 Gy. Media was replaced 24 h following treatment, and surviving cells allowed to proliferate for five doubling times as optimised in preliminary screens. Cell viability was measured by resazurin (10 μg/mL) in phenol red-free DMEM. Metabolically viable cells reduce resazurin to fluorescent resorufin, which was quantified by PerkinElmer Envision microplate reader (540 nm excitation/590 nm emission). Control wells reached 90%-100% confluency at the time of assay performance, control irradiated wells were around 60% confluent. Raw data were normalized by rescaling to plate mean intensity and to negative controls. Quality plots were contrasted to assess artifacts and reproducibility. Normalized data Z are presented, as the applied rescaling by plate mean is effectively a z-score standardization. Selection of candidate hits was based on rank product analysis, adapting a published method 24 . Specifically, for each pair of conditions (i.e. with/without irradiation), the differences between normalised screen intensities were calculated for each well, hence each drug. These differences are presented as Delta-Z (ΔZ) scores. Rank product applied to these differences identified compounds producing large and consistent changes. Probability of false discovery was computed by permutation, with n = 100. Analyses were implemented in R version 2.1 (https://cran.rproject.org/); heatmaps were generated by modifying D3.js libraries (https://d3js.org/).
Cell proliferation and colony formation assays
Our method for comparison of IC 50 in the presence or absence of radiation has been described previously 25 . Clonogenic survival was measured following a standard method, with plating efficiency and surviving fractions calculated as described 26 . Briefly, cells were seeded into 10 cm culture dishes, normally 500 cells/plate (for 0 Gy plates), increasing by 10-fold for each 4 Gy administered, to 500,000 cells/plate (12 Gy). After attachment (overnight), cells were drug-treated, and six hours later exposed to 0, 4, 8 or 12 Gy radiation. Culture medium was replaced 24 hours postirradiation, plates were incubated to form visible colonies > 50 cells (10 -15 days) and fixed with 0.4% methylene blue in methanol. Survival curves were fitted using Graphpad Prism v7.0A. Radiation enhancement ratio (RER) was obtained from the ratio of radiation dose at 1% survival of vehicle compared with drug treated cells.
Xenograft studies
Animal experiments were performed following local ethical review under licence from the UK Home Office (ASPA 1986, revised January 2013). Female Balb/c nude mice (6-8 weeks old) were anaesthetised with 2% isoflurane and subcutaneously injected with 50% matrigel containing 5x10 6 DLD1 cells or 5 × 10 6 RKO/mouse (n = 24) into the back. When tumor volume reached 100 mm 3 , mice were randomly placed into 4 groups (n = 6/group). Oral treatments were by gavage, in two doses on the first and fourth days of treatment. Group (1) received vehicle only, 10% dimethylacetamide/6% solutol HS/PBS (0.1mL/10 g body weight). Group (2) received talazoparib; 0.1 mg/kg in vehicle. Radiation treatments comprised 2 × 5 Gy, localised to the tumor, also on the first and fourth days of treatment. Group (3) received radiation only, 5 Gy one hour after each vehicle treatment. Group (4) received combination treatment, 5 Gy one hour after each talazoparib treatment. Tumor size was measured by caliper 3 × per week. Mice were sacrificed when tumours reached 400 mm 3 or 42 days following the first treatment. Tumours were formalin fixed and stained for the hypoxia marker CA9 as previously described 27 .
Results
Development of a high throughput screen with ionising radiation
In order to identify drugs that radiosensitise CRC cells mutated for BRAF V600E, isogenic cell lines containing either BRAF V600E or BRAF WT variants were screened against a 298-compound library of approved anticancer drugs. Mutation status for KRAS, PIK3CA and p53 for these cell lines is shown in Figure 1A , with the screen protocol outlined in Figure 1B .
A prerequisite for high-throughput detection of radiosensitisers is an assay that is predictive of the effects of drug/ radiation combinations on clonogenic cell survival. Extended incubation following irradiation improves correlation with radiosensitisation 28 , and we incorporated 5 days incubation following radiation treatment; improving correlation to clonogenic survival, but avoiding compromises to cell metabolism and thus assay performance 29 . Serial dilution of cells in the presence of resazurin showed equivalent fluorescence, linear in relation to cell number, for both non-irradiated cells, and cells 5 days post-irradiation (data not shown). This indicates that the metabolic assay was a good surrogate for cell number at this timepoint.
Screens were carried out in duplicate and quality plots demonstrated good reproducibility ( Figure 1C) , with mean Pearson correlation between pairs of replicates of 0.88 and average Z factor of 0.58 for irradiated and 0.53 for nonirradiated plates. Cell viability was compared between normalized irradiated and non-irradiated plates, generating heatmaps of the difference, ΔZ, for each compound. Hit selection ( Figure 1D ) was based on rank product analysis, with the probability of false discovery computed by permutations (see Materials and methods). Potential hits were drugs that sensitised the BRAF-mutant isogenic variant, at one or more concentrations, with probability of false positive (PFP) ≤ 0.05. Some plates showed a pronounced 'edge effect', and for this reason, analysis was repeated considering the edge wells as a separate population ( Figure  1E ). Hits with significant ΔZ score between irradiated and non-irradiated samples, with radiosensitisation factor < 1 (normalised against control plates) and P-value ≤ 0.05 were selected as significant. Positive controls were consistently identified as hits, with ΔZ scores ≤ 2, comparable to results obtained in manual assays. status were screened with the DTP approved oncology drug library +/-irradiation and allowed to grow for five doubling times. Cell viability was compared between irradiated and non-irradiated plates. (C) Raw data were normalized by rescaling both to the plate mean and negative controls, and quality plots contrasted. (D) Heatmaps were generated for each individual plate. ΔZ scores were calculated between irradiated and non-irradiated plates. Selection of candidate hits was based on a rank product method (see methods). Probability of false discovery was computed by permutation, with 100 permutations. (E) Example heatmap generated for one of the HTS plates. Hits were identified as drugs with a ΔZ score significantly higher than expected by chance when irradiated and non-irradiated samples were compared.
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BRAF V600E screen in isogenic cell lines following irradiation
Drugs were ranked according to radiosensitisation against BRAF-mutated cells. The fifteen drugs with the highest significance against BRAF-mutated cells are shown in (Figure 2 ). Olaparib as a single agent had little effect on survival, but combination treatment caused a significant increase in radiation sensitivity, albeit with similar effect in both BRAF WT and V600E variants.
Radiosensitisation in an extended CRC cell line panel
To validate the screen, we used a cell line panel inclusive of the different molecular subtypes of CRC. We specifically prioritised the drug hits with the most immediate scope for translation to clinical trials in combination with radiotherapy. The cell line panel was selected so that several cell lines exhibited each gene mutation of interest. Fifteen cell lines with defined BRAF, p53, KRAS, PIK3CA and mismatch repair status were used. The compounds chosen for further testing are shown in Table 2 , along with p-values indicating whether significant IC 50 shift was observed following normalisation for radiation effect. The complete IC 50 results determined by these assays are shown in Supplementary  Table S3 .
From these assays, olaparib and rucaparib displayed potent radiosensitising ability across multiple cell lines. IC 50 curves (normalised for radiation effect) were significantly different (P ≤ 0.01) for all except three cell lines; namely, C10, CW2 and Colo678 ( Table 2) . Both Chk1 inhibitors, and trametinib, were also effective radiosensitisers in the majority of cell lines tested. Vemurafenib was ineffective in BRAF WT (IC 50 frequently not reached), but showed some efficacy in BRAF mutated cell lines, (not significant for radiosensitisation). This limited effect may arise from feedback activation of EGFR, PI3K or alternative signaling pathways, reducing vemurafenib efficacy in CRC when compared to melanoma 37 .
Validation of radiosensitisation by PARP inhibitors with clonogenic survival assays
As PARPi were the most effective radiosensitisers of the CRC cell line panel, clonogenic survival assays were used to measure radiation enhancement ratios (RERs) in 3 cell lines that were strongly radiosensitised (> 10-fold IC 50 shift) and 3 cell lines with IC 50 shift < 10-fold. To potentially improve PARPi radiosensitisation of these resistant cell lines, a more trapping PARPi, talazoparib, was included in these assays. Survival curves (Figure 3) , and RERs (Table 3 ) reflected the proliferation assay results: Olaparib and rucaparib significantly radiosensitised RKO, DLD1, and HT29 compared to vehicle-treated cells, while radiosensitisation of HT55, Colo678, and C10 was limited -although significant for HT55 cells treated with rucaparib. Talazoparib significantly radiosensitised all cell lines tested, and was overall the most effective radiosensitiser (average RERs 1.21-1.92), followed by rucaparib (average RERs 1.15-1.41) and finally olaparib (average RERs 1.12-1.4).
To indicate potential normal tissue toxicity, PARPi experiments were repeated in three non-malignant cell lines, HFLA, MRC5 and RPE. In clonogenic assays (Table 3) , these non-malignant cells were significantly radiosensitised by talazoparib. Radiosensitisation by rucaparib was significant for HFLA and MRC5, and radiosensitisation by olaparib was significant only for MRC5 cells (P ≤ 0.05). 
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Validation of PARP inhibitors as radiosensitisers in xenograft studies
The PARP inhibitor talazoparib was the most effective radiosensitiser and had not previously been tested with radiotherapy in animal CRC models. To confirm the in vitro radiosensitisation by PARPi in an in vivo model, talazoparib was tested against two cell lines that were effectively radiosensitised by the drug in 2D assays. Mice were inoculated with subcutaneous tumors consisting of RKO or DLD1 cells, and treated with talazoparib or vehicle, either alone or one hour before each of 2 × 5 Gy radiation treatments. In DLD1 cells (Figure 4A ), single treatment with talazoparib or radiation alone did not inhibit tumour growth. Combined talazoparib/radiation treatment was tolerated by the mice, and significantly reduced tumour growth compared with radiation alone (P ≤ 0.01). For the RKO cell xenograft model, there was no significant difference between the effect of radiation alone, and the radiation/talazoparib combination. Tumour histology, levels of perinecrotic hypoxia (CA9 staining) and necrosis were similar for both cell types ( Figure 4B ).
Discussion
The aim of this study was to identify treatment options to radiosensitise colorectal cancer cells in the context of key mutations that characterise the disease. change from a "one size fits all" chemo-radiotherapy to the identification of the most appropriate drugs for radiotherapy based on the genetic profile of the cancer. To address our primary aim, we developed a novel highthroughput screen to test drug library/radiotherapy combination against cell lines. For drug repurposing, which allows more rapid translation in to the clinic, we used a library of drugs already in clinical use or in clinical trials. Previous investigators using more focused library screens have successfully identified radiosensitisers of CRC 42 and our study identified the same drugs with radiosensitising potential, the CHK inhibitor, AZD-7762, and the dual mTOR/PI3K inhibitor, dactosilib. We initially used isogenic cell lines to identify radiosensitisers active in a BRAF V600E background. Reassuringly, our results confirmed radiosensitisation by agents from drug classes previously shown to have radiosensitising activity in other published papers, such as inhibitors of the RAS/MEK/ERK, and PI3K/MTOR pathways. In addition, we identified compounds not previously known to be radiosensitisers ( Table 1) . Of the drugs targeting mutated BRAF (vemurafenib, dabrafenib, RAF265), only vemurafenib reached the threshold for hit-detection in the screen, possibly because vemurafenib is a more potent radiosensitizer, at least compared with dabrafenib 43 .
DMSO
Cell lines manipulated by gene mutation might not be entirely representative of the molecular landscape of cancer in patients. We therefore validated results from isogenic cell lines in a panel of human colorectal cancer cell lines, inclusive of common CRC mutations and previously shown to be a useful model for drug development 22, 44 . This approach was also novel since this cell line panel has not previously been used to test new drug-radiotherapy combinations. The results (shown in Table 2 ), confirmed PARPi as significant radiosensitisers, notably across a much broader range of cell lines than 5FU, the current clinical standard, suggesting that 5FU may not be the optimal treatment for all CRC patients compared to newer and more targeted drugs. This reflects data in other studies in CRC, which show that radiosensitisation by 5FU varies depending on the cell line used 45, 46 . Additionally, the timing of 5FU exposure may influence the degree of radiosensitisation 47 .
In future, immunotherapy is likely to be of increasing importance in CRC treatment, although at present it is only used to treat the more immunogenic MSI-high tumours 48 . Despite this, radiotherapy is likely to remain an important treatment for rectal cancer and metastatic disease, particularly when the cost effectiveness of treatment is considered. The broad range of cell lines for which PARPi appear to be suitable radiosensitisers in this study may predict its potential future utility in a wide patient population.
Three PARPi, olaparib, rucaparib, and niraparib, have been approved by the US FDA for the treatment of ovarian cancer, including BRCA-deficient tumours that have deficient homologous recombination repair. PARPi function Non-malignant cell lines HFLA n/a n/a n/a n/a 1.09 (ns) 1.3 (P ≤ 0.05) 1.29 (ns) MRC5 n/a n/a n/a n/a 1.35 (P ≤ 0.05) 1.34 (P ≤ 0.05) 1.52 (P ≤ 0.01) RPE n/a n/a n/a n/a 1.1 (ns) 1.07 (ns) 1.24 (P ≤ 0.01)
Radiation enhancement ratios were calculated from clonogenic survival assays (normalised, by plating efficiency, for effect of drug alone) and comprise the ratio of radiation dose leading to 1% cell survival to the radiation dose producing 1% survival in the combined treatment. Significance (P ≤ 0.05), displayed by in bold, was calculated by one-way ANOVA, with multiple comparisons of each drug against the DMSO control.
by inhibiting the binding, or enzymatic activity, of PARP to single strand breaks in DNA. The absence of SSB repair leads to double strand break (DSB) formation at the approaching replication fork, and cell death. It has been shown that PARPi have an increased radiosensitising effect on DSB-repair deficient tumour cells compared with DSB-repair proficient lines 49 . Compared to olaparib and rucaparib, we found that talazoparib treatment led to higher RERs. PARPi affect cell proliferation by two main actions: inhibiting PARP enzymatic function, and by binding ('trapping') PARP to DNA 50 . Olaparib and rucaparib function primarily through inhibiting enzymatic function, whereas talazoparib 'traps' PARP at DNA damage sites, with increased anti-proliferative effect, potentially contributing to more effective radiosensitisation 51, 52 . We proceeded to show that the PARP inhibitor, talazoparib, radiosensitised DLD1 xenografts in vivo. The combined treatment caused a prolonged tumour growth delay, in excess of the effects demonstrated elsewhere for combined 5FU/radiation treatment for HCT116 45 and WiDr 53 CRC xenografts. It is unclear why talazoparib did not significantly radiosensitise BRAF mutated RKO xenografts in vivo. It has been shown that BRAF-mutant early neoplastic lesions have upregulation of gene sets involved in aberrant DNA methylation 54 and that BRAF-mutant cancers can have distinct tumour-associated-stroma and components of the extracellular matrix that are different from wild-type cancers 55 . These complexities may explain the discrepancy between the highly significant results we obtained in 2D culture and the non-significant results we obtained in vivo using the same cell line. Future studies should consider the use of other models, such as patient-derived xenografts or immunocompetent mouse models, to explore this discrepancy further.
Some investigators advocate preclinical comparison of non-malignant with malignant cell lines to identify cancer- specific drugs 56, 57 . In our study, olaparib did not cause significant radiosensitisation of two non-malignant cell lines, HLA and RPE. An in vivo study of intestinal crypt damage, in which fractionated radiotherapy was combined with olaparib, did not appear to cause additional gut toxicity compared to radiotherapy without drug 58 . Contrastingly, clinical studies of PARPi have documented bowel toxicities as side effects of treatment 59 and total body irradiation of a p21-reporter mouse has shown that olaparib can exacerbate DNA damage in normal tissues when combined with radiation 60 . It should be noted that, in our study, rucaparib and talazoparib caused significant radiosensitisation of 2 non-malignant cells tested by clonogenic survival assays. Although talazoparib has already completed phase I development as a single agent 61 , we recommend that the normal tissue toxicity from the combination of PARPi with radiotherapy should be assessed further in preclinical normal tissue toxicity models and monitored closely in early-phase clinical trials.
In conclusion, our novel approach to radiosensitisation drug discovery in cells isogenic for the BRAF V600E mutation, has led to the identification of PARPi as radiosensitisers for CRC. Validation in a broad panel of human CRC cell lines, and an in vivo xenograft model, has shown potentially broader radiosensitising activity than the current clinical standard of care, 5FU. Following toxicity evaluation of the combination of PARPi with radiotherapy in other preclinical models, we propose that PARP inhibition should be tested in combination with radiotherapy for rectal cancer or metastatic CRC treatment, with careful monitoring of potential toxicities. 
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